Initiation mass or unit cell is invariant despite extensive growth inhibition. This leads to the general growth law that cell size is the sum of all unit cells, explaining the origin of the nutrient growth law from the 1950s.
INTRODUCTION
Bacteria adapt their size to growth conditions. Since the 1950s, most experimental studies of the relationship between cell size and physiology have focused on nutrient conditions [1] [2] [3] [4] [5] [6] . A major conclusion from these extensive studies is that cell size is coordinated with the growth rate, independent of the chemical composition of the growth medium [7] . For E. coli, the average cell size increases exponentially [1] and the ribosome content linearly [8, 9] with respect to the nutrient-imposed growth rate. While these phenomenological growth laws are central to bacterial physiology, their origins have yet to be understood from more basic biological principles.
Recent studies have investigated the mechanism of cell size control via the inhibition of biosynthesis [4, 10] . When cells were exposed to a sublethal dosage of a cell wall biosynthesis inhibitor, their surface-to-volume ratio changed to a new steady-state value in a dose-dependent manner [10] . These results led to a hypothesis that cell size is determined by the accumulation of surface material sufficient for cell division. In an orthogonal study, inhibition of protein synthesis caused an increase or decrease in cell size depending on the inhibition method [4] , implying that cell size changes are correlated with proteome reallocation by growth inhibition [9] .
In principle, cell size or volume is equivalent to the total product of all biosynthesis in each division cycle. When cells are in balanced growth, cell size and every cellular component double at the same rate [7, 11] . Therefore, a key issue for understanding cell size control is how the biosynthesis of major cellular components (chromosomes, proteins, and cell envelope) is robustly coordinated with replication and division. This coordination principle should be able to predict how cell size adapts to different growth conditions. However, such a principle has not been established. Similarly, predictions of cell size for general growth conditions have not been possible, except for the special case of nutrient limitation [1] .
RESULTS

Deconstructing Cell Size Control into Three Core Biosynthetic Processes
We consider a population of exponentially growing bacterial cells in steady state. The cells on average double their mass every t minutes and chromosome replication initiates once per division cycle [12] ( Figure 1A ). One complete cell cycle, namely the combined process of chromosome replication and cell division, lasts for t cyc minutes ( Figure 1A ). If the cell cycle is longer than the average doubling time (t cyc > t), the chromosome must contain multiple replication forks and duplicated replication origins (oris) ( Figure 1A ). The average number of oris per cell is given by 2 tcyc=t , where t cyc /t is the average number of overlapping cell cycles (see also the Supplemental Information). The power of two implies that the number of oris doubles when a new round of replication initiates ( Figure 1A ).
Formally, a simple quantitative expression relates the cell size S with the cell cycle duration t cyc and the doubling time t as follows: S = S=ðnumber of orisÞ 3 ðnumber of orisÞ
where S 0 is the cell size per ori, proportional to the initiation mass [13] . (Here we use size and volume interchangeably unless explicitly noted otherwise.) Conceptually, the volume S 0 represents the unit cellular resources to maintain biosynthesis and start the cell cycle from one ori ( Figure 1B ). We denote Equation 1 as the ''general growth law'' for its resemblance to, and generalization of (see below), the original nutrient growth law by Schaechter, Maaløe, and Kjeldgaard in 1958 [1] . We also refer to the cellular resources within S 0 as a ''unit cell,'' and we use the unit cell size interchangeably with the initiation mass [14] . Equation 1 suggests that the cell size is the sum of all unit cells ( Figure 1B ). The general growth law formalizes the dimensional reduction of all biosynthesis into three measurable variables representing replication initiation, progression of replication-division, and A C B Figure 1 . Cell Cycle Model and the General Growth Law (A) Top: replication of a circular chromosome from a single replication origin with non-overlapping versus overlapping cell cycles. Bottom: schematics to define t cyc and t with overlapping cell cycles are shown. (B) Left: the general growth law states that cell size is the sum of all unit cells, each unit cell containing the minimal resource for self-replication from a single replication origin. Right: if S 0 , t cyc , and t can vary freely and independently, there would exist an infinite number of different physiological states for the same cell size. (C) Left: multiplex turbidostat ensures steady-state growth with automatic dilution at a pre-defined value of OD 600 , from which doubling time is calculated. Samples taken from each growth condition are used for imaging and cell size measurement (number of imaged cells is on the order of 10 4 ; see detailed sample size in the Supplemental Information). Right: under nutrient limitation, t cyc , t C , and S 0 remain constant. The ribosome fraction 4 R is measured from the same sample and shows a linear increase. Symbol shapes reflect biological replicates and the colors represent different nutrient conditions. Please also see Figures S1, S6, and S7.
the kinetics of global biosynthesis. In theory, the three variables S 0 , t cyc , and t can independently vary from one another, with an infinite number of different physiological states for the same cell size ( Figure 1B ). The experimental and conceptual challenge is whether these three processes can actually be decoupled biologically and how they are coordinated.
Multiplexing Physiological Measurements
Experimental testing of the general growth law (Equation 1) requires extensive exploration over a large parameter space. We planned to perturb translation, transcription, DNA replication, cell division, and cell wall synthesis for a wide range of growth inhibition and nutrient limitation and to quantitatively predict how cell size changes. We realized that a high-throughput singlecell approach [15, 16] that led to the discovery of the ''adder'' principle [3, 17, 18] and its critical analysis [6] or the effects of growth rate fluctuations [16] was not feasible because of the large number of different experimental conditions involved. To this end, we took a population-level approach and built a multiplex turbidostat, which ensures long-term steady-state cell cultures in multiple independent growth conditions in a single experiment [19, 20] ( Figure 1C ; see the Supplemental Information). Our ultimate goal was to apply insights from populationlevel studies to the understanding of individual cells. We examined the reliability of our system by reproducing known results for different nutrient conditions ( Figure 1C ). For each condition, we simultaneously measured cell size S, duration of cell cycle t cyc , duration of DNA replication t C , doubling time t, and the ribosome fraction 4 R of the total proteome from a steady-state population (Figures 1C and S1 ; see the Supplemental Information). The doubling time measured from optical density (OD) curves was in excellent agreement with the measurements from our previous single-cell experiments in a microfluidic mother machine [15, 17] . The average cell size increased exponentially with respect to the nutrient-imposed growth rate l ( = ln2/t), in agreement with the nutrient growth law [1] (Figure 1 ; see the Supplemental Information). The ribosome fraction 4 R increased linearly with the growth rate, confirming previous reports [8, 9] . t C and t cyc were both constant for a wide range of growth conditions at t C = 38.0 0 ± 4.5 0 and t cyc = 75.1 0 ± 7.2 0 (Figure 1C ; see the Supplemental Information) [21, 22] . Since t cyc was longer than the doubling time t in these experiments, multiple cell cycles overlapped. In all nutrient conditions, the unit cell size S 0 remained constant, consistent with previous results that showed the constancy of the initiation mass [6, 13] (Figure 1C ).
Decoupling DNA Replication from Growth by Thymine Limitation A fundamental biological hypothesis underlying the general growth law is that the cell cycle can vary independently of growth. Testing this prediction requires an experimental means to change the duration of DNA replication without affecting the global biosynthesis rate. One possible approach is to slow replication kinetics by reduction of the nucleotides pool ( Figure 2A) . Following previous suggestions, we constructed a thyA À strain whose intracellular thymine level can be titrated by limiting thymine supplied in the growth medium [23, 24] . During thymine limitation, the thyA À strain showed a systematic increase in t cyc by more than 2-fold from $1 to 2.5 hr at a constant growth rate ( Figure 2A ).
The prolonged replication period had non-trivial consequences on the cell cycle. Since the doubling time remained constant at t z1 hr, the 2.5-fold increase in t cyc caused up to three overlapping cell cycles. Direct visualization of the ori region using ParS-ParB-mCherry [25, 26] further confirmed multifork replication in thyA À cells (Figure 2A ). These observations contrast with the classic E. coli cell cycle model based on nutrient limitation, in which only fast-growing cells exhibit multifork replication [27] . In thymine limitation, even slow-growing cells could overlap multiple cell cycles due to increased t cyc ( Figure 2A ). Coordination among size, growth, and the cell cycle under thymine limitation can be explained based on a class of models that a critical number of initiation-competent initiators per ori must accumulate to trigger initiation (which we generically refer to as the ''initiator threshold'' model) ( Figure 2B ) [28] [29] [30] . Upon thymine limitation, replication rate decreases and replication cannot finish by the time the cell would have divided under the normal conditions. In the meantime, initiators continue to accumulate at the same rate as the constant growth rate, and they can reinitiate another round of replication while division is being delayed. After completing the initial round of replication, the cell divides at a larger size due to the delayed division, and the newborn cells contain chromosomes that are partially replicated. Consequently, cell size increases exponentially with increased t cyc in thymine limitation, whereas the growth rate, ribosome fraction, and the unit cell size remain constant, quantitatively supporting the general growth law (Figures 2A and S2A ).
Decoupling t cyc Using CRISPR Interference Our thymine limitation results show that it is possible to change the cell size in a quantitatively predictive manner by selective control of the core biosynthesis represented in the general growth law. To test the decoupling hypothesis further using a genetic method, we developed tunable CRISPR interference (tCRISPRi), a plasmid-free CRISPR-dCas9-based suppression system [20] . tCRISPRi allows precise and continuous titration of gene expression by more than 10-fold from the wild-type expression level ( Figures 3A and 3B ).
Using tCRISPRi, we first set out to decouple DNA replication from growth. Inactivating proteins in the replisome was an obvious alternative to thymine limitation, and we made a tCRISPRi strain to repress DNA helicase Rep because its mutation is known to slow replication forks [31] . As expected, the replication period increased about 2-fold during Rep knockdown, while the growth rate remained constant ( Figures 3C  and S3D ). In addition, we found that Rep knockdown does not cause morphological changes, a major side effect of thymine limitation ( Figure 2A) . As an independent test, we exposed cells to hydroxyurea, which mildly inhibits ribonucleotide reductase and slows DNA replication as well [32] . The results were consistent with Rep knockdown ( Figure S3I) .
A notable feature in the general growth law is the symmetry between the replication period and the division period in t cyc . In other words, Equation 1 predicts that slowing replication and delaying cell division have identical effects on cell size via t cyc . We tested this prediction by delaying cell division with SulA overexpression [33] or cephalexin treatment ( Figures 3C, S3F , and S3H). Both methods increased t cyc selectively, similar to the increase in t cyc by replication slowdown.
Additionally, we found that morphological change by MreB depletion also decouples t cyc via a delay in cell division [34, 35] . MreB is a major cytoskeletal protein, and we found that its knockdown by tCRISPRi causes a gradual morphological transition from rod to round shape. t cyc increased monotonically, consistent with Rep knockdown or SulA overexpression. Yet, both the unit cell and the growth rate remained unchanged (Figures 3C and S3E ).
In these decoupling experiments, the cell size increased exponentially with respect to t cyc following the general growth law ( Figures 3C, S3D-S3F, S3H , and S3I). Taken together with thymine limitation, our results reaffirm it is possible to decouple chromosome replication and cell division from growth and manipulate cell size in a controlled manner.
Decoupling the Initiation Mass by Initiation Delay
Next, we sought to decouple the initiation mass from growth and t cyc . Conceivably, initiation mass would change if the initiation timing is selectively perturbed without affecting global biosynthesis. We tested these ideas using two tCRISPRi strains to repress a major replication initiator protein DnaA [36, 37] and sequester the initiation site oriC [38] , respectively. In both experiments, the initiation mass S 0 increased systematically in a dose-dependent manner, and cell size increased linearly with Please also see Figure S3 .
the unit cell size S 0 as predicted by Equation 1 (Figures 3D, S3A , and S3C).
Decoupling Growth and the Origin of the Nutrient Growth Law
The general growth law encompasses the nutrient growth law [1] and explains its origin. Under nutrient limitation, average cell size is exclusively determined by the growth rate. However, our decoupling experiments showed that the duration of cell cycle t cyc and the initiation mass S 0 can also vary by selective inhibition of biosynthesis ( Figures 3C and 3D ). The nutrient growth law is therefore a special case of the general growth law, wherein the growth rate is the only experimental variable, decoupled from t cyc and S 0 by nutrient limitation [1] . The mechanism of growth rate control is currently unknown. Nevertheless, since the fraction of active ribosomes 4 R,a of the total proteome is a proxy of global biosynthesis, growth rate may be directly proportional to 4 R,a under nutrient limitation (Figure 3E) [9, 39] . This leads to an exponential dependence of cell size on 4 R,a by the general growth law ( Figure 3E ).
Invariance of Initiation Mass under Extensive Perturbations to Global Biosynthesis
Our results showed that growth and the cell cycle can be decoupled by targeted inhibition of biosynthesis and cell size changes following the general growth law. A natural question is to what extent the general growth law can predict cell size when cells are exposed to global physiological perturbations.
We examined the predictive power of Equation 1 by applying a broad pallet of antibiotics targeting different biosynthesis. We observed significant deviation in cell size versus growth rate from the nutrient growth law, without any obvious pattern ( Figure 4A ). In stark contrast to the changes in cell size and growth rate, the unit cell size S 0 remained invariant under extensive perturbations targeting transcription, translation, ribosome content, fatty acid synthesis, cell wall synthesis, replication speed, and cell division ( Figure 4B ). The distribution of S 0 was a tight Gaussian with an average of 0.28 ± 0.05 mm 3 . This matches the extrapolated cell size (0.27 ± 0.07 mm 3 ) in the nutrient growth law as the growth rate approaches zero ( Figure 4B ). The invariance of the unit cell was unexpected, because transcriptional and translational inhibition significantly affected the cell cycle (Figure 4C, left; Figures S2 and S4 ). In particular, the average doubling time t and the cell cycle duration t cyc increased linearly proportional to each other, similar to nutrient limitation in slow growth conditions [4, 6, 21] (Figure 4C, left) . Furthermore, the proteome partitioning measured by an RNA/ protein ratio was also altered significantly by the inhibition of global biosynthesis ( Figure 4C , right) [9] . Therefore, these results suggest that the invariant unit cell under the inhibition of global biosynthesis is a basic, invariant building block of cell size.
Based on the decoupling results (Figure 3 ), we classified physiological perturbations in terms of how they reallocated cellular resource and changed the three core biosynthetic processes underlying the general growth law ( Figure 4D ; see the Discussion).
Universal Structure of Cell Size Control and Coordination of Biosynthesis
A universal property of cell size control emerges from our data. Under extensive perturbations, cell size versus growth rate in general do not follow the exponential relationship of the nutrient growth law ( Figure 4A , left and Figure 5A ). However, when the cell size and the doubling time are rescaled by their respective S 0 and t cyc , the rescaled size S/S 0 versus growth rate t cyc /t collapses onto a single exponential master curve ( Figure 5B ). This again underscores that the exponential relationship between size and growth rate in the original nutrient growth law [1] is a special case of the general growth law where t is the only experimental variable (Figures 3E and 5A ). Equation 1 is also a good approximation for single cells in steady-state growth, and recent single-cell data [6] collapse reasonably well onto the same master curve (Figures 5B and S5) .
The universal collapse demonstrates that all biosynthesis can be mapped onto three coarse-grained variables, S 0 , t cyc , and t ( Figure 4D) , and their coordination abides by the general growth law (Equation 1 ), allowing prediction of cell size for any steadystate condition.
DISCUSSION
The general growth law provides a simple and straightforward prescription for cell size. It states that cell size is the sum of all unit cells for any steady-state growth condition. Despite its apparent simplicity, the general growth law and its meaning was previously underappreciated. The reason is partly historical in that most previous studies on cell size and physiology focused on understanding the nutrient growth law [1, 40] and cell cycle control under different nutrient conditions.
The invariance of the unit cell under growth inhibition significantly extends the concept of constant initiation mass, which was limited to varying nutrient conditions [6, 13] . While the mechanism of the invariance is unknown, recent single-cell data have provided an important insight into this constancy [6] . In particular, the initiation mass for individual cells was constant in two different nutrient conditions, independent of the birth size and the elongation rate in individual cells. This is consistent with the initiator threshold model [27, 28, 30 ] that we used to explain A B Figure 5 . From the Nutrient Growth Law of 1958 to the General Growth Law (A) The nutrient growth law by Schaechter, Maaløe, and Kjeldgaard (1958) [1] prescribes an exponential relationship between average cell size S and growth rate l under nutrient limitation. Data points are taken from this study.
(B) The general growth law extends the nutrient growth law. Not only l but also S 0 and t cyc are experimental variables. All raw data from Figure 4 (inset) collapse onto a single master curve after rescaling, demonstrating the predictive power of the general growth law and the origin of the nutrient growth law. Empty circles (with arrows) represent the average of pooled single-cell data from [6] . The cell diagrams on the right illustrate that the average cell size is the sum of all unit cells.
Please also see Figure S5 .
the thymine limitation results (Figure 2 ). In support of the model, the concentration of a key initiator protein DnaA is known to be constant under different nutrient conditions [41] . Perhaps more importantly, the ratio of its ATP and ADP forms remains constant even when DnaA is significantly overexpressed [42] .
To explain the invariance of the unit cell, the initiator threshold model alone is not sufficient; the initiator concentration must also be invariant independent of the growth condition and growth inhibition [43, 44] . Therefore, our results predict the existence of a specific protein sector that remains constant for a wide range of physiological perturbations that may change the ribosome fraction of the proteome [4, 9] (Figure 6B) . If the replication initiators indeed belong to this hypothetical sector, invariance of the unit cell size is ensured by balanced growth, as illustrated in Figure 6A , despite growth inhibition.
When combined with the invariance of the unit cell, the general growth law helps explain which cell cycle stage is responsible for changes in cell size under the selective inhibition of biosynthesis. For example, recent work and our data showed that treatment with fosfomycin causes E. coli and other bacterial organisms to reduce their surface-to-volume ratio and increase their size ( Figures 6C and S3G ) [10] . When cell wall synthesis was selectively inhibited, relatively fewer surface materials were produced compared to the cytoplasmic products, and cells had to become more round to adapt to the reduced amounts of cell wall materials ( Figure 6C ). Since the initiation mass, duration of replication, and growth rate remained un- In nutrient limitation, the ribosome fraction changes linearly with respect to growth rate. However, the initiation mass remains invariant due to a constant fraction of initiator sector, independent of changes in the rest of the proteome fraction. Under nutrient limitation, the ribosome fraction increases with the growth rate, causing an increase in cell size. (C) Inhibition of cell wall synthesis rebalances the ratio of available materials for surface growth and volume growth. Cells must reduce their surface-tovolume ratio to accommodate more volumetric biomass per unit surface area, and, thus, they become more round. The cell size changes due to a new steady-state value of t cyc in the general growth law, without changing S 0 or l. changed in our experiments, the sole source of the size change was the cell division kinetics of the round cell (Figure S3G ; see the Supplemental Information). Similar quantitative analysis allows for the prediction of t cyc changes in LacZ overexpression experiments (Figure S4M ) [4] . Considering the minimal assumptions underlying Equation 1, the general growth law has obvious implications on other microorganisms.
EXPERIMENTAL PROCEDURES Strains and Growth Conditions
All experiments in normal growth conditions or with physiological perturbations were carried out using NCM3722 [45] unless otherwise noted. Thymine limitation and tCRISPRi experiments were based on strains with an MG1655 background [20] . Detailed information of strain genotypes is included in the Supplemental Information. Before every turbidostat experiment, cells were inoculated into 1 mL lysogeny broth (LB) medium as seed culture from a single colony on agar plate, streaked no more than 7 days before use. After 6-12 hr in 30 C or 37 C water bath shaker, cells were diluted 1,000-fold into 1-2 mL of the specific growth medium as pre-culture and shaken at 37 C in water bath until OD 600 = 0.2. The pre-culture was then back-diluted 1,000-fold again into the same medium and shaken at 37 C in water bath until OD 600 = 0.2.
The back-diluted culture was then inoculated into each turbidostat vial with or without specific inhibiting conditions, and the turbidostat experiment was started with OD 600 z 0.05 for each vial. The turbidostat was then run for at least eight generations in steady-state growth before sample collection. In each turbidostat experiment, we were able to run up to eight different growth conditions simultaneously. For each condition, samples were collected for cell size, RNA/protein, and cell cycle measurements. See the Supplemental Information for experimental details.
Growth Rate Measurement
To ensure exponential growth, cells were kept between OD 600 = 0.05 and OD 600 = 0.20. Once the OD 600 reached 0.20, the vial was diluted automatically until OD 600 = 0.05 ( Figure 1C ). The OD versus time curve was fit to a single exponential I = I 0 2 t/t for each segment between two consecutive dilution events, and the average was taken as the generation time. Growth rate was given by l = ln2/t. Each turbidostat was blanked with the same media before each experiment. For calibration of OD from the phototransistors, see the Supplemental Information for details.
Microscopy and Image Acquisition
All transmission light and fluorescence microscopy were performed on an inverted microscope (Nikon Ti-E) with Perfect Focus 2 (PFS 2), 1003 oil immersion objective (PH3, numerical aperture [NA] = 1.45), light-emitting diode (LED) fluorescent light (Lumencor), and Andor NEO sCMOS camera (Andor Technology). Exposure time was between 100 and 200 ms with 100% transmission. From each set of samples, 140-300 images were captured and 5,000-30,000 cells were analyzed to ensure statistically significant distributions of cell measurements, such as cell size or DNA content. All cell image analysis was carried out by custom software written in Python employing the OpenCV library.
Cell Size Measurement
Cell samples were fixed with 0.24% w/v formaldehyde in the same growth media and imaged within 24 hr. Image analysis extracted the contours of all possible items from phase contrast images, and these were primarily filtered based on shape and size. The probability distribution of contour width is symmetrical and not correlated with cell length [17] . All filtered contours within 3 SDs of the mean value of the distributions were kept and exported as isolated images for re-examination. Cell size and surface area were calculated as a cylinder with two hemispherical ends for rod-shaped cells. The aspect ratio was calculated as the ratio of length to width of cell contour.
RNA/Protein Ratio Measurements
Total protein and RNA were measured as previously reported [46] , except for the following modification for sample collection: for some nutrient conditions, cells were collected when OD 600 = 0.2, so 6 mL cell culture was collected. The cells were pelleted by centrifugation, washed once with 1 mL water, centrifuged again, and the pellet was fast frozen on dry ice.
Cell Cycle Measurement Using qPCR and Image Cytometry C period was estimated by marker frequency analysis using qPCR. Genomic DNA was prepared from the turbidostat sample and amplified using PowerUp SYBR Green Master Mix (ABI). Quantification of DNA was done by DCt method as previously reported [47] . A total of eight pairs of primers targeting different chromosomal loci were used. The ratio of relative copy numbers of two loci gives the ratio of C period over generation time (C/t) as horii=hteri = 2 C/t (see the Supplemental Information). C period was then calculated using the generation time as discussed above. DNA content was measured by image cytometry instead of flow cytometry [48] . Ethanolfixed samples were stained with 3 mg/mL Hoechst 33342 [32] . Standard cells with known DNA content were mixed with sample cells to calibrate the absolute DNA content. See details in the Supplemental Information.
Statistics and Data Analysis
No statistical methods were used to predetermine sample size, and the dataset of full measurement is provided together with the Supplemental Information. The sample size ''n'' for each experiment was typically on the order of 10 4 . Exact numbers can be found in the Supplemental Experimental Procedures (growth conditions and sample size list). The SEs (sdev/sqrt[n]) are smaller than the data symbols due to the large sample sizes. For each experimental condition, we obtained two to four biological replicates. The systematic errors in doubling time and cell size measurements due to experimental setup or data analysis methods are smaller than the stochasticity of those variables measured from single-cell study [17] . 
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